Binding of T cells to antigen-presenting cells leads to the formation of the immunological synapse, translocation of the microtubuleorganizing center (MTOC) to the synapse, and focused secretion of effector molecules. Here, we show that upon activation of Jurkat cells microtubules project from the MTOC to a ring of the scaffolding protein ADAP, localized at the synapse. Loss of ADAP, but not lymphocyte function-associated antigen 1, leads to a severe defect in MTOC polarization at the immunological synapse. The microtubule motor protein cytoplasmic dynein clusters into a ring at the synapse, colocalizing with the ADAP ring. ADAP coprecipitates with dynein from activated Jurkat cells, and loss of ADAP prevents MTOC translocation and the specific recruitment of dynein to the synapse. These results suggest a mechanism that links signaling through the T cell receptor to translocation of the MTOC, in which the minus end-directed motor cytoplasmic dynein, localized at the synapse through an interaction with ADAP, reels in the MTOC, allowing for directed secretion along the polarized microtubule cytoskeleton.
n T cells, engagement of the T cell receptor leads to formation of an immunological synapse, translocation of the microtubule-organizing center (MTOC) to the synapse, and ultimately secretion of effector molecules (1) (2) (3) (4) . Translocation of the MTOC serves to focus secretion at the synapse and is required for effector function of both helper and cytotoxic T cells (5) (6) (7) (8) .
Previous studies have reported that signaling through ZAP-70, LAT, SLP-76, elevation of intracellular calcium, and Cdc42 are required for MTOC translocation (9 -12) . However, the downstream actions that control MTOC translocation remain to be determined. The microtubule motor cytoplasmic dynein is a good candidate to drive the translocation of the MTOC and the resulting polarization of the microtubule cytoskeleton observed in synapse formation (4) . Here, we present data with Jurkat cells showing that a dynein complex is recruited to the synapse and that the recruitment of dynein depends on the protein ADAP. ADAP is a SLP-76-associated scaffold protein that links T cell receptor signaling to integrin clustering through its association with SKAP55 and may also be linked to actin dynamics by virtue of its Ena͞vasodilator-stimulated phosphoprotein binding domain (13) (14) (15) (16) (17) (18) . Here, we show that ADAP is associated with dynein, and upon T cell activation it forms a ring at the synapse that colocalizes with dynein and microtubules. When ADAP expression is reduced by using antisense morpholino (MO) oligonucleotides, dynein fails to localize to the synapse and MTOC translocation is blocked. Together, these results show a direct connection between T cell signaling, recruitment of dynein to the synapse, and polarization of the microtubule cytoskeleton.
Results
Previous studies showed that microtubules project toward a ring of lymphocyte function-associated antigen 1 (LFA-1) clustered at the immunological synapse (4). We used LFA-1-deficient Jurkat cells to test whether LFA-1 is required for MTOC translocation. When LFA-1-deficient Jurkat cells (JB2.7 cell line; ref. 19) were stimulated by Staphylococcus enterotoxin E (SEE)-coated Raji cells, normal MTOC polarization was observed (see Fig. 6 , which is published as supporting information on the PNAS web site), indicating that LFA-1 is not required for normal synapse formation.
Given the association between ADAP and LFA-1 clustering, we next examined whether the close association between microtubules and sites where LFA-1 was clustered might be caused by ADAP. We first compared the 3D distribution of ADAP to that of LFA-1 in normal Jurkat cells mixed with SEE-coated Raji cells and immunostained for both LFA-1 and ADAP. LFA-1 and ADAP form closely spaced, but distinct, rings at the synapse with the LFA-1 ring interior of the ADAP ring ( Fig. 1 a-d) . All ADAP staining observed in Jurkat-Raji pairs originates from the Jurkat T cells and not the Raji B cells, as B cells do not express ADAP (20) .
In unstimulated Jurkat cells, ADAP is clustered around the MTOC and along microtubules extending from the MTOC to the periphery, indicating that it might be associated with microtubules ( Fig. 1 e-g ). Computerized 3D reconstructions of SEEactivated Jurkat-Raji pairs show that virtually all microtubules projecting from the MTOC to the synapse colocalize with the ADAP ring ( Fig. 1h and Movie 1, which is published as supporting information on the PNAS web site). Often, microtubules appear to adhere to the ring, turning to closely follow the contour of the ADAP surface. Similar results were obtained with human primary T cells (Fig. 7 , which is published as supporting information on the PNAS web site).
To determine whether the ADAP ring still formed in the absence of either intact microtubules or LFA-1, we mixed SEE-coated Raji cells with either Jurkat cells treated with 10 M colchicine to depolymerize microtubules or LFA-1-deficient (JB2.7) Jurkat cells and immunostained for ADAP alone or ADAP and tubulin. Computerized 3D reconstructions show that the absence of either microtubules or LFA-1 had no effect on ADAP ring formation. Additionally, the lack of LFA-1 in JB2.7 cells did not visibly alter the arrangement of microtubules ( Fig.  1 i-l and Movie 2, which is published as supporting information on the PNAS web site).
Given the close correlation between ADAP and microtubules at the synapse we next sought to determine whether ADAP immunoprecipitates with dynein. Cytoplasmic dynein was immunoprecipitated from Jurkat-Raji mixtures with or without SEE stimulation by using an affinity-purified polyclonal rabbit antibody (1467) to the dynein intermediate chain (DIC; antibody specificity is shown in Fig. 8 , which is published as supporting information on the PNAS web site). Western blots of immunoprecipitates from both unstimulated and stimulated lysates were probed for dynein (Fig. 2a Top) and ADAP (Fig. 2a Middle) . The results show that substantially more dynein is pulled down in activated as compared with the nonactivated Jurkat lysates. This difference is not caused by a change in dynein expression levels because both 70.1 (Fig. 2a) and 1467 (Fig. 2b) recognize the same amount of dynein in blots of the whole-cell lysates. ADAP coprecipitates with dynein in both activated and nonactivated lysates in amounts that are proportional to the amount of dynein. Neither protein A beads alone or bound to rabbit anti-mouse as a control showed any tendency to pull down ADAP or dynein (Fig. 2a Bottom) .
We next sought to localize dynein in SEE-stimulated JurkatRaji pairs. Dynein immunostains using either 70.1 mAb (Fig. 2c) or 1467 (Fig. 2d) showed that dynein formed a ring-like structure at the synapse similar to that of ADAP. Jurkat-Raji pairs were then immunostained with antibodies to both ADAP (Fig. 2e) and dynein (Fig. 2f ) ; the overlay (Fig. 2g) shows that ADAP and dynein colocalize as rings at the synapse. Normally the MTOC is located roughly in the center of the ADAP and dynein rings, but when partial rings form the MTOC is shifted over to the site where ADAP or dynein are clustered (see Fig. 9 , which is published as supporting information on the PNAS web site). This spatial correlation suggests a functional relationship between the clustering of ADAP, dynein, and movements of the MTOC.
Two proteins, PLAC-24 and ␤-catenin, have been proposed to anchor dynein at actin-rich adherens junctions (21, 22) and potentially could serve a similar role in linking dynein to the immunological synapse. Furthermore, Western blots indicated that both PLAC-24 and ␤-catenin are expressed in Jurkat cells (see Fig. 10 , which is published as supporting information on the PNAS web site). When Jurkat-Raji pairs were immunostained for ADAP, dynein, PLAC-24, and ␤-catenin (Fig. 3) , the results showed that these proteins all localize to the same ring-like structure.
We next sought to determine whether loss of ADAP altered the distribution of dynein at the synapse. ADAP expression was reduced in Jurkat cells with an antisense MO oligonucleotide complementary to the first 25 nt of ADAP mRNA (beginning with the start codon). MOs were introduced into cells by electroporation with a transfection efficiency in the range of 75-85% as determined with a FITC standard control MO (see Fig. 11 , which is published as supporting information on the PNAS web site). Verification of ADAP knockdown was performed by Western blot of cell lysates from normal Jurkat cells and those transfected with either a standard control MO or ADAP MO. Bulk ADAP expression in MO-treated cells was reduced by 50% as compared with either untreated cells or control cells.
To determine whether the formation of the ADAP ring is necessary for MTOC polarization, colchicine-pretreated, SEE-coated Raji cells were mixed with normal, ADAP MO, and control MO Jurkat cells and were fixed and immunostained for ADAP and tubulin (Fig. 4 a-j) . ADAP MO cell pairs were chosen as those having Jurkat cells with little to no ADAP expression as determined by ADAP immunostaining. Comparison of MTOC polarization in normal, ADAP MO, and control MO Jurkat cells gave scores of 81% Ϯ 6 (normal), 77% Ϯ 10 (control MO), and 35% Ϯ 6 (ADAP MO) (counts from three independent experiments with 50 cell pairs counted per experiment) (Fig. 4k) . Background polarization values of Ϸ25% were obtained by using the Src kinase inhibitor PP2 to block Jurkat activation. These results demonstrate a severe defect in MTOC polarization in Jurkat cells lacking ADAP.
To ensure that the ADAP MO Jurkat cells still activate normally, Cell Tracker blue (CTB)-labeled, SEE-coated Raji cells were mixed with normal and ADAP MO Jurkat cells, fixed, and immunostained for ADAP and phospho-LAT. The results demonstrate normal clustering of phospho-LAT in cells lacking ADAP expression (see Fig. 12 , which is published as supporting information on the PNAS web site).
To determine how loss of ADAP impacts the recruitment of dynein to the synapse, CTB-labeled, SEE-coated Raji cells were mixed with either normal or ADAP-MO Jurkat cells, fixed, and immunostained for ADAP and DIC. Normal cell pairs exhibited typical coclustering of ADAP and DIC at the synapse (Fig. 5  a-d) , but ADAP MO Jurkat cells with little to no ADAP (as judged by fluorescence microscopy) also showed an absence of DIC at the synapse. This is clearly evident in Fig. 5 e-h Upper, where of the four Jurkat cells in contact with the central Raji cell, the only synapse with dynein clustered is also the only cell with detectable ADAP at the synapse. Thus, loss of ADAP also results in a failure to recruit dynein to the synapse. In contrast, ␤-catenin (Fig. 5 i-p) , PLAC-24, and actin (see Fig. 13 , which is published as supporting information on the PNAS web site) still clustered at the synapse in both normal and ADAP MO cells. These data suggest that ␤-catenin and PLAC-24 clustering occurs independently of ADAP and that gross synapse structure remains largely intact.
Discussion
Our studies of Jurkat cells show that upon activation by SEEcoated Raji cells both ADAP and dynein move to the synapse where they colocalize in the form of a ring. ADAP coimmunoprecipitates with dynein, suggesting that these proteins associate either directly or indirectly; this association is enhanced in activated cells. It is interesting to note that the dynein ring at the synapse represents a subpopulation of the total cellular pool, which is selectively labeled by specific antidynein antibodies (UP1467, mAb 70.1). This selective labeling may arise from differential unmasking of the epitope, possibly arising from changes in dynein binding proteins that occur upon activation of Jurkat cells.
Recruitment of dynein to the synapse provides a plausible model for how MTOC translocation is accomplished. Dynein may be specifically recruited to the ADAP ring upon activation. Once anchored through the ADAP interaction, synaptic dynein would generate tension on microtubules, causing them to slide along the cortex while reeling the MTOC toward the synapse. This model is consistent with the observed motions of the MTOC and the microtubule sliding seen with modulated polarization microscopy (ref. 4 and see Fig. 14 and Movie 3, which are published as supporting information on the PNAS web site). In particular, the large oscillations of the MTOC between two contact sites implies a microtubule sliding mechanism. Furthermore, microtubules are observed bending in the same direction as bulk MTOC movement and maintaining their length while sliding along the cortex (Fig. 11) , further implicating dynein in these movements. Our data establish a role for dynein in this process, as we show that loss of ADAP prevents recruitment of dynein and translocation of the MTOC.
ADAP provides an important connection to the T cell activation pathway through its linkage to SLP-76 (18, 23, 24) and to the actin cytoskeleton through its Ena͞vasodilator-stimulated phosphoprotein (VASP)-binding domain (16) , although loss of ADAP or mutation of its Ena͞VASP-binding domain does not prevent actin polymerization or synapse formation (13, 23) . The relationship between ADAP, the actin cytoskeleton, and dynein seemed to fit nicely with the observation that PLAC-24 and ␤-catenin are similarly recruited to the synapse. In epithelial cells, Karki et al. (21) and Ligon et al. (22) showed that the dynein binds to ␤-catenin and PLAC-24 at an actin-rich adherens junction. However, we found that loss of ADAP did not block recruitment of PLAC-24 or ␤-catenin, indicating that they are not sufficient alone to recruit dynein to the synapse. We also found that LFA-1 was not required for recruitment of dynein despite previous studies of mouse T cells showing a close correlation between sites where microtubules and LFA-1 are clustered at the synapse (4). Here, using Jurkat cells, we see a similar close correlation between location of microtubules and the MTOC and sites where ADAP and dynein are clustered. However, mouse and human cells differ in the spatial relationship between ADAP, dynein, and LFA-1 at the synapse and in the observation that ADAP is not required for MTOC translocation in mouse T cells (J.C., S.K., and M.P., unpublished observations). Further studies will be required to address these differences at the mechanistic level.
Methods
Antibodies, Cell Lines, and Reagents. RPMI medium 1640, glutamine, and sodium pyruvate were purchased from Invitrogen (Carlsbad, CA). Heat-inactivated FBS was obtained from Atlas Biologicals (Fort Collins, CO). Partially purified SEE was purchased from Toxin Technology (Sarasota, FL). Polylysine (58 kDa), Tween-20, Triton X-100, EDTA, protein G, FITC-phalloidin, and colchicine were purchased from Sigma (St. Louis, MO). Paraformaldehyde and glyoxal were purchased from Aldrich (Milwaukee, WI). CTB and ProLong Gold Antifade mounting media were purchased from Molecular Probes (Eugene, OR). All other reagents used in this study were of the highest quality available.
The antibodies used in this study were as follows: mouse antitubulin IgG clone TUB 2. Normal Jurkat (clone E6-1) and Raji cells were obtained from ATCC, Manassas, VA. LFA-1-deficient Jurkat cells (JB2.7) were acquired as a gift from Timothy Springer (Harvard Medical School, Boston, MA). Jurkat, Raji, and EL4.BU cells were grown at 37°C (5% CO 2 ) in RPMI medium 1640 containing 10% heat-inactivated FBS, 50 M ␤-mercaptoethanol, 24 mM NaHCO 3 , 1 mM pyruvate, and 1 mM glutamine. The Jurkat and Raji cells were cultured in a 37°C incubator with 5% CO 2 .
MO-Mediated Knockdown of ADAP in Jurkat Cells. For each electroporation, 2 ϫ 10 7 cells were suspended in 400 l of RPMI medium 1640, and 15 nmol of MO was incubated with cells for 15 min at room temperature. The suspension was electroporated in a 4-mm cuvette by using a Bio-Rad (Hercules, CA) Gene Pulser II (950 mF and 250 V). The cells were immediately transferred to 10 ml of growth medium. Jurkat and Raji cells were washed by centrifugation, mixed, and pelleted together. For immunostaining, the pellet was resuspended in RPMI media 1640 and plated on polylysine-coated coverslips where they were allowed to adhere for 15 min before fixation.
Cell Lysis and Immunoprecipitation. To prepare cell lysates, cells were pelleted, mixed with 1 ml of ice-cold lysis buffer containing 25 mM Tris (pH 8.0), 50 mM NaCl, 0.5% Triton X-100, 2 mM EDTA, 50 mM NaF, 1 mM NaVO 4 , 1 mM PMSF, 1 mg͞ml leupeptin, 1 mg͞ml aprotinin, and 1 mg͞ml pepstatin, homogenized by passage through a 21-ga syringe, and cleared by microcentrifugation (250 ϫ g for 10 min). The supernatant was precleared with protein G beads for 1.5 h at 4°C followed by centrifugation and then incubated with control or precipitating antibody (prebound to protein G beads) for 3 h at 4°C. Subsequently, the protein G beads were pelleted by centrifugation and washed three times in lysis buffer and resolved by SDS͞PAGE.
Western Blots of SDS͞PAGE Gels. Gel electrophoresis and transfers were carried out with a Bio-Rad Miniprotean apparatus. Proteins from SDS͞PAGE gels were transferred to 0.2-m nitrocellulose membrane (Bio-Rad), blocked in a solution of 5% powdered milk in Tris-buffered saline (25 mM Tris͞137 mM NaCl͞2.7 mM KCl͞0.025% Tween-20, pH 7.4), and incubated with antibodies essentially as described by the manufacturer. The labeled blots were developed with a Pierce Super Signal Pico detection kit.
